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Bulk rock geochemistry of 169 ﬁne-grained sediment samples of the upper Cretaceous to Paleogene
Gosau Group (Northern Calcareous Alps, Austria and Slovakia) from borehole and outcrop localities was
performed to separate non-marine and marine deposits. Geochemical characteristics of different Gosau
depositional systems, basins and sediment provenance using major-, trace-, and rare earth elements
were also investigated. Geochemical proxies such as boron concentrations were tested for seeking the
possibilities of paleosalinity indicators. Due to the fact that several pelagic sections are represented by
extremely low boron contents, B/Al* ratios are recognized as more robust and differentiate reliably
between marine (mean: 160  34) and non-marine (mean: 133  33) samples. Using statistical factor
analysis, hemipelagic to pelagic samples from the Gießhübl Syncline and Slovakian equivalents can be
differentiated from marginal-marine to non-marine samples from the Grünbach and Glinzendorf
Syncline related to terrigenous (SiO2, Al2O3, K2O, Th, Rb, Zr and others) and pelagic indicative elements
(CaO, Sr, TOT/C and B/Al*). A clear indication for ophiolitic provenance is traced by high amounts of
chromium and nickel. Only non-marine successions of the Glinzendorf Syncline show higher Cr and Ni
concentrations (up to 250 and 400 ppm, respectively) and enriched Cr/V and Y/Ni ratios trending to an
ultramaﬁc source.
 2012, China University of Geosciences (Beijing) and Peking University. Production and hosting by
Elsevier B.V. All rights reserved.1. Introduction
Fine-clastic, shaly to marly sediments may be preferentially
used to identify overall changes in sediment source areas and
depositional conditions such as limnic versus marine, because they
normally cover a longer and more continuous time period
compared to coarser-grained sediments such as sands andHofer), michael.wagreich@
ie.ac.at (S. Neuhuber).
of Geosciences (Beijing)
sevier
sity of Geosciences (Beijing) and Pconglomerates (e.g. McLennan et al., 1993; Hofmann et al., 2001;
Pearce et al., 2005; Rahman and Suzuki, 2007; Lee, 2009).
This study uses various geochemical proxies and statistical
methods that are commonly applied in sedimentology for paleo-
environmental and provenance analyses (e.g. McLennan et al.,
1993; Hofmann et al., 2001; Pearce et al., 2005; Rahman and
Suzuki, 2007; Lee, 2009; Madhavaraju et al., 2010; Hofer et al.,
2011). Several geochemical and statistical tools are tested to infer
paleoenvironments, alteration, weathering, and provenance.
We analyzed the bulk rock geochemistry of ﬁne-grained sedi-
ments of the upper Cretaceous to Paleogene Gosau Group (e.g.
Wagreich and Faupl, 1994) that were deposited after the Eoalpine
high pressure orogenic event at ca. 95 Ma (Thöni, 2006). They were
deformed and dismembered by Paleogene to Neogene orogeny. The
purpose of this study is to compare geochemical characteristics of
the different Gosau deposits for separating out freshwater from
marine sediments. We determine and differentiate provenance
using major, trace, and rare earth elements.eking University. Production and hosting by Elsevier B.V. All rights reserved.
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The upper Cretaceous to Paleogene sediments of the Gosau
Group of the Northern Calcareous Alps (NCA) are unconformably
and diachronously overlying Permian to lower Cretaceous units
that experienced folding and faulting (Wagreich and Faupl, 1994).
The sediments can be divided into a ﬂuvial, lacustrine to shallow-
marine lower Gosau Subgroup (Turonian to Santonian/Campa-
nian, in some areas up to Maastrichtian) and into a deep-water
dominated up to Eocene upper Gosau Subgroup (Faupl et al., 1987;
Wagreich and Faupl, 1994; Faupl and Wagreich, 1996). Originally
the Gosau Group sediments were situated at the northern,
tectonically active continental margin of the Austroalpine micro-
plate along the northern margin of the Adriatic plate (Faupl and
Wagreich, 2000). The Gosau basins represent strike-slip domi-
nated slope basins within an early accretionary structure due to
southward subduction of the Penninic Ocean (viz. Alpine Tethys of
Stampﬂi et al., 2002). Today, the original palaeogeographic situa-
tion is largely obliterated due to polyphase tectonic deformation
and large-scale thrusting within the Eastern Alps (e.g. Faupl and
Wagreich, 2000).
Various Gosau Group deposits are exposed in the eastern part of
the Eastern Alps (Austria) at the area of Gießhübl and Grünbach e
Neue Welt (south-western margin of the Vienna Basin). They are
also exposed in the western part of the Western Carpathians at theFigure 1. Simpliﬁed geological map of the eastern part of the Eastern Alps, the Vienna Ba
situated at the border and underneath the Neogene Vienna Basin (modiﬁed after Wagreich
and outcrops are marked.area of Brezová and Myjava, Slovakia (Fig. 1) (Wagreich and
Marschalko, 1995). In between, NEeSW-striking Gosau sediments
were drilled in several wells below the Neogene ﬁll of the Vienna
Basin (Wessely, 1993). The Gosau Group deposits were deformed
during the Alpine orogeny and today forming synclines. From north
to south several synclines on different tectonic nappes of the NCA
and on Carpathian units are present. There are the northernmost
Gießhübl Syncline, the Prottes Gosau Group, its Slovakian equiva-
lents of Studienka, the Glinzendorf Syncline and the southernmost
Grünbach Syncline (Plöchinger, 1961; Wessely, 1974, 1984, 1992,
1993, 2000, 2006; Wagreich and Marschalko, 1995; Zimmer and
Wessely, 1996) (Fig. 1).
2.1. Tectonic position and sedimentary setting
The Gießhübl Syncline (Coniacian to Paleocene) is part of the
Lunz Nappe of the Bajuvaric Nappe system (Faupl and Wagreich,
1996) of the NCA. It is dominated by deep-marine facies from the
Campanian onward. In the ConiacianeSantonian shallow-marine
sandstones and breccias are deposited, and are overlain by the
Nierental Formation (upper Gosau Subgroup) of the upper
Santonian-Campanian to lower Maastrichtian (Wessely, 2006). The
group mainly consists of calcareous marls of pelagic to hemipelagic
slope facies (Krenmayr, 1999; Wagreich and Krenmayr, 2005;
Wagreich et al., 2011). The youngest unit is the Gießhübl Formationsin and the western part of the Western Carpathians with highlighted Gosau Group
and Marschalko, 1995; Zimmer and Wessely, 1996). The sampled locations of the wells
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is a massive deep-water turbidite to mass-ﬂow-complex deposited
below the calcite compensation depth (Faupl and Sauer, 1978;
Wagreich, 2001), with a temporal extent up to the Thanetian
(Wessely, 1992). Gosau Group sediments of the Gießhübl Syncline
crop out at the area of Gießhübl, Alland and Altenmarkt/Triesting.
About 10 km to the west of Altenmarkt/Triesting, equivalents of the
Gießhübl Syncline are exposed around Lilienfeld, where the Gosau
Group is consisted of Coniacian-Santonian lower Gosau Subgroup
units followed by the hemipelagic-pelagic Nierental, Spitzenbach
and Gießhübl formations of Campanian to Maastrichtian age
(Wagreich, 1986; Wagreich et al., 2011).
The Prottes Gosau Group (Coniacian to Paleocene) is a small,
isolated, mainly conglomeratic complex lying on Tirolic nappes
underneath the Neogene of the Vienna Basin between Prottes and
Altenmarkt/Triesting (Wessely, 2006).
The Tirolic Glinzendorf Syncline (Santonian to Campanian or
Maastrichtian) is sometimes interpreted as an eastern equivalent of
the Grünbach Syncline (Wessely, 2006) because of its similar limnic
character with interbedded coal horizons. However, a continuous
connection from the Grünbach Syncline underneath the Vienna
Basin to the Glinzendorf Syncline is due to borehole informations
doubtful. The sediments of the Glinzendorf Syncline are detected
exclusively in the subsurface and can be found in several industrial
wells of the oil and gas companies OMV and NAFTA, like Gän-
serndorf ÜT3, T3, Markgrafneusiedl 1, N1, T1, Glinzendorf 1 and T1
(Wessely, 2006), Gajary 125 (Misík, 1994; Ralbovsky and
Ostrolucký, 1996) or Záhorska Ves. Basically, limnic to marginal-
marine facies is dominant in the several hundred metre thick
succession starting in the Santonian with dark marls and
mudstones and some minor coal layers (Sachsenhofer and
Tomschey, 1992; Wessely, 1992, 2006). Marls, mudstones and
minor conglomerates are continued up to the Campanian. Above
a middle-part, consisting of marine mudstones, marls and sand-
stones, clastics are present at the top (Wessely, 2006). Generally,
this succession is also reported from the Slovakian part of the
syncline (Gajary 125 well) with lower and upper conglomeratic
non-marine red intervals, and intercalation of a marine grey
interval (Misík, 1994). Here, a Maastrichtian (Wessely, 1992;
Pavlishina et al., 2004) or even Paleocene top cannot be excluded
(Ralbovsky and Ostrolucký, 1996).
The Grünbach Syncline (Santonian to Paleocene) is exposed at
the south-western margin of the Vienna Basin in the area of
GrünbacheNeueWelt (Plöchinger,1961) (Fig.1). The connection to
upper Cretaceous rocks beneath the Neogene ﬁll of the Vienna
Basin is controversial (e.g. Hofer et al., 2011). The Gosau Group of
Grünbach starts at the base with a characteristic red conglomerate
and breccia horizon of an alluvial fan in the upper Santonian
(Kreuzgraben Formation; see also Erkan, 1972 for description of
Gosau conglomerates). A transgressive trend is documented by the
overlying shallow-marine Maiersdorf Formation that contains
calcareous breccias, minor sandy limestones (including corals,
brachiopods and gastropods) and reef-forming rudist limestones
(Summesberger et al., 2002). This might correspond to the global
transgression at the end of the Santonian.
Similar facies compared to units at the base of the Glinzendorf
Syncline occurs in the limnic to marginal-marine Grünbach
Formation of the lower Campanian that contains coal layers within
marls and ﬁne-clastic sandstones as well as a conglomeratic horizon
(Summesberger et al., 2002; Wessely, 2006). From the late Campa-
nian onward the facies is deep-marine with Inoceramus marls and
Orbitoides bearing sandstones of the Piesting Formation, which
lasted until the Maastrichtian (Hradecká et al., 1999). The maximum
depth of the basin is estimated with the turbiditic Zweiersdorf
Formation of Paleocene age (Summesberger et al., 2002).The correlation of the Cretaceous Brezová Group (Coniacian to
Maastrichtian) and the Paleogene Myjava Group (Paleocene to
Eocene) of the so-called Brezová Depression striking ENE under-
neath the Slovakian part of the Neogene Vienna Basin with expo-
sures at the north-eastern margin at the area of Brezová with the
Gosau Group is still being debated because of unlike continuous
distribution (Fig. 1). An afﬁliation to the Gießhübl Syncline is likely
(Wagreich and Marschalko, 1995) due to its bathyal character but
a correlation with the Prottes Gosau Group is also possible
(Wessely, 1992).
The stratigraphic succession starts, above local conglomerates,
with the marl-dominated Santonian Hurbanova Dolina Formation
representing a neritic shelf facies followed by calcareous marls of
the Campanian Kosariská Formation (similar to the Nierental
Formation in Austria) that documents a fast deepening of the basin.
This deepening continues further and produced massive turbidite
units of the Podbradlo, Podlipovec (upper Campanian to Maas-
trichtian), Priepastné and Jablonka (Paleogene of the Myjava
Group) Formations. A deposition below the calcite compensation
depth (3600 m for the Cretaceous) (Tyrell and Zeebe, 2004) is
assumed for the Jablonka Formation analogous to the Gießhübl
Formation (Wagreich and Marschalko, 1995).
3. Methods
169 samples of ﬁne-grained sediments such as shales, marls and
siltstones are collected from cores of the OMV-core sample repos-
itory (wells Aderklaa 81, 84 and 92, Gänserndorf T3, Glinzendorf T1,
Markgrafneusiedl T1, Studienka 83 and Zavod 57 and 68), from
outcrops in Lilienfeld and Groisbach (Gießhübl Syncline) and from
an artiﬁcial trench in Maiersdorf (Grünbach Syncline, Hofer et al.,
2011) for bulk rock geochemistry. Core samples are numbered
with the well code (Aderklaa ¼ AD, Gänserndorf T3 ¼ GFT3, Glin-
zendorf T1 ¼ GT1, Markgrafneusiedl T1 ¼ MT1, Studienka ¼ STU,
Závod ¼ Z) and the depth (or depth range) in metres. Facies,
formations and Gosau units of the samples are shown in Appendix
I. First, the samples were classiﬁed as marine or non-marine by the
presence or absence of marine fossils, especially calcareous nan-
nofossils, or by identiﬁcation of geological formations based on
literature data, mainly on fossil content (e.g. planktonic forami-
nifera, etc.; see Wagreich and Marschalko, 1995; Summesberger
et al., 2002). Clearly, continuous fully marine deep-water condi-
tions are known for the proﬁles of the Gießhübl Syncline and
Slovakian equivalents (Wessely, 1992, 2006; Wagreich and
Marschalko, 1995) and OMV in-house data. The non-marine to
marginal-marine sections of the Glinzendorf Syncline and the
Grünbach Formation (Hofer et al., 2011) were additionally analyzed
during this study for presence of calcareous nannofossils in order to
have an independent facies control. Blank nannofossil sections, in
combination with corresponding geochemical features, are classi-
ﬁed as non-marine.
Chemical bulk rock analyses were done by AcmeLabs (Acme
Analytical Laboratories Ltd., www.acmelab.com) in Vancouver
(Canada). Oxides (SiO2, Al2O3, Fe2O3, MgO, CaO, Na2O, K2O, TiO2,
P2O5, MnO and Cr2O3) and some minor elements (Ba, Be, Co, Cs, Ga,
Hf, Nb, Ni, Rb, Sn, Sr, Ta, Th, U, V, W and Zr) were detected by ICP
(inductively coupled plasma)-emission spectroscopy. A Lithium
metaborate/tetraborate fusion and nitric acid digestion of a 0.2 g
sample was used. Loss on ignition (LOI) was calculated by weight
difference after ignition at 1000 C. For the analysis of trace
elements, ICP-mass spectroscopy was used after leaching a 0.5 g
sample in hot (95 C) Aqua Regia. B was also detected by ICP-MS
after Na2O2 fusion (www.acmelab.com). Total S (TOT/S) was
detected by LECO analysis. Detection limits (DL) for the elements
are given in Appendix I.
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a LECO C200 and a LECO RC-412 after dissolving the carbonate with
diluted hydrochloric acid (for LECO C200) or measuring at 550 C
(LECO RC-412) at the University of Vienna (analytical error is
around 0.1%).
Major and trace elements are commonly used as proxies for the
interpretation of paleoenvironments. Discrimination plots and
index numbers have been introduced in recent years (e.g. Nesbitt
and Young, 1982; Roser and Korsch, 1988; Hofmann et al., 2001).
The chemical index of alteration (CIA) expressed as the molar
volumes of [Al2O3/(Al2O3 þ CaO* þ Na2O þ K2O)]  100, where
CaO* represents the CaO only from silicate fraction (Nesbitt and
Young, 1982, 1989), can be used as a tool for paleoclimate recon-
structions (Yan et al., 2010). As our samples contain a large portion
of marine carbonate, we assume that CaO* is equivalent to Na2O
(McLennan et al., 1993) as an approximation. To avoid errors
derived from the unknown CaO content of the silicate fraction, the
chemical proxy of alteration (CPA after Buggle et al., 2011) or
chemical index of weathering (CIW after Cullers, 2000) is also used
(CPA ¼ 100  Al2O3/[Al2O3 þ Na2O]). The aluminium ratios Si/Al
(proxy for quartz content in clays), K/Al (proxy for illite content)
and Na/Al (proxy for smectite content) are used to identify
mineralogical variations within the samples (Hofmann et al., 2001).
Discriminant function analysis of major elements is performed for
the determination of provenance signals (Roser and Korsch, 1988).
Boron concentrations in sediments are depending on the pale-
osalinity of the depositional environment (Ernst, 1966; Heling,
1967; Selter et al., 1989; Rügner, 2000). They are commonly used
as tracers for marine facies. Because of its high solubility, boron
accumulates at higher salinities in the sea (around 4440 mg/L of B in
seawater in contrast to 18 mg/L in freshwater; Martin andWhitﬁeld,
1983). Boron is mainly adsorbed to clay minerals (illites offer the
highest adsorption capacity) or organic matter and behaves
immobile after the integration into the phyllosilicate structure
(Rügner, 2000). Unfortunately, grain size can also affect boron
concentration (positive correlation with decreasing grain size) as
well as variations in the primary composition (source area) of the
clays (Dominik and Stanley, 1993). To reduce effects of variable
grain size and mineralogy, and to optimize the comparability of
sediments with different sedimentation and clay accumulation
rates, we normalize the boron contents with respect to aluminium
(multiplied with a factor of 100,000 to get small numbers). This
ratio (B/Al  100,000) is used as B/Al* in the following text (Hofer
et al., 2011). A B/Al* ratio of 150 correlates with a boron content
of 100 ppm in ﬁne-grained sediments of mostly marine origin. In
comparison, Goodarzi and Swaine (1994) used boron concentra-
tions of 50 and 110 ppm to separate fresh/brackish and brackish/
marine boundaries in coals. But B concentrations can vary quite
drastic in TOC-rich sediments (Hofer et al., 2011).
Geochemical proxies for the interpretation of sediment prove-
nance and paleoenvironment rely mainly on trace element
concentrations/ratios such as Cr, V, Ni, Th, U, and others. Cr/Ni and
(Cr/V)/(Y/Ni) (McLennan et al., 1993; Garver et al., 1996) are used in
this study to infer ultramaﬁc provenance. Jones and Manning
(1994) used several geochemical index numbers like U/Th, TOC/S
(¼C/S), Ni/Co or V/Cr for the interpretation of paleoredox condi-
tions. Chromium is mainly derived from detrital, clastic compo-
nents, while vanadium is commonly linked to organic matter
(deposited under reducing environments). V/Cr ratios above 2 are
seen as sedimentation under anoxic paleoconditions. The TOC/S
ratio is frequently used to assess the paleosalinity of the environ-
ment of (commonly organic rich) sediments (Berner and Raiswell,
1984; Morse and Berner, 1995; Sageman and Lyons, 2004). Typi-
cally, less pyrite is formed in organic rich sediments derived from
freshwater compared to analogousmarine equivalents. Hence, non-marine sediments commonly have higher TOC/S ratios (Berner and
Raiswell, 1984).
Th/Sc and Zr/Sc ratios are used to identify sediment recycling
and sorting processes (McLennan et al., 1993). Th/Sc monitors the
compositional variation of the source, while higher Zr/Sc ratios are
associated with zircon enrichments due to sedimentary recycling.
Immobile trace elements like Th, Sc, La, Zr and Ti/Zr as well as
La/Sc ratios are used to discriminate between various (palaeo)
tectonic settings (Bhatia and Crook, 1986). Light REE (La), incom-
patible element (Th), compatible element (Sc) and heavy mineral
fraction are compared. Th-Sc-Zr/10, La-Th-Sc and La/Sc-Ti/Zr plots
were originally tested for graywackes (Bhatia and Crook, 1986) but
also adopted for shales and sandstones (Mader and Neubauer,
2004; Kutterolf et al., 2008; Lee, 2009; Descourvieres et al., 2011).
To manage, group, and interpret our geochemical data we use
factor analysis, t-tests and discriminant analysis.
Factor analysis, which belongs to the dimension-reducing
statistical methods, generally analyzes correlations of variables or
objects within a large data set. A low number of hypothetical
variables e so-called factors e are mathematically deﬁned and
summarize the essential information in the data set. Thereby the
complexity of the data is reduced based on data-intern dependent
relationships. As a result only a low number of factors represent the
roughly identical information of a much more voluminous under-
lying data set. In other words, the method describes the variability
among observed variables in terms of a potentially lower number of
unobserved variables (factors) and it is used to classify variables by
detecting structures in the relationships between variables
(Reyment and Jöreskog, 1996). Positive and negative correlations of
variables are summarized into factors and the user has to interpret
why element associations exist and what they may indicate. One
critical aspect is that number of factors and variables are selected by
the user, so that the result is inﬂuenced by input parameters (Swan
and Sandilands,1995). On the other hand it allows users to optimize
the results based on the expert knowledge. Factor analysis is used
in geosciences especially for large geochemical data sets (Ohta,
2004; Filzmoser et al., 2009).
To investigate the signiﬁcance of the difference in mean values
between two groups we use the Student’s t-test if equality of the
variances between the two (tested by Levene test) is given, other-
wise Welch’s t-test is used.
Discriminant analysis is a multivariate statistical technique that
simultaneously studies differences between groups of objects with
respect to several variables. Thus, it determines which variables
discriminate between two or more naturally occurring groups
(Bühl, 2008). It investigates predetermined groups and does not
generate groups (like the cluster analysis for example does)
(Backhaus et al., 2006). A separation into groups is more distinct if
variation between groups is large, while that within groups is small.
Statistic operations (Student’s t-test, factor and discriminant
analysis) were performed with the statistical software package IBM
SPSS Statistics 19.0. For the statistical analyses coal-bearing samples
(M-1B, M-5, M-17, M-67, M-74 and M-88) were excluded because
the geochemistry of coals is extremely different from pelitic sedi-
ments and therefore they would inﬂuence the statistics to a large
degree. The following variables (elements) were used for calcula-
tions of the factor analysis: SiO2, Al2O3, Fe2O3, MgO, CaO, Na2O, K2O,
TiO2, P2O5, MnO, Cr2O3, Ba, Co, Nb, Ni, Rb, Sn, Sr, Th, U, V, Zr, Mo, Cu,
Pb, Zn, Cd, Sb, Tl, Se, B, TOT/C, TOT/S, LOI and B/Al*. These elements
and ratios were selected because they play an important role for the
interpretation of paleoenvironments (Dominik and Stanley, 1993;
McLennan et al., 1993; Garver et al., 1996; Hofmann et al., 2001;
Sageman and Lyons, 2004; Lee, 2009). For example, REEs are
excluded because they show due to related provenance similar
trends in the different sample sets. Other elements like Ag are also
Figure 2. Discrimination plots of major element oxides SiO2, Al2O3, Fe2O3, Na2O, CaO, TiO2, K2O and loss on ignition (LOI). SiO2, Fe2O3, Na2O, TiO2 and K2O show a positive
correlation with Al2O3; CaO is strongly negative correlated. LOI and CaO are strongly positive correlated. Pearson correlation coefﬁcients (r), squared Pearson correlation coefﬁcients
(R2) and number of samples (N) are given in the graphs. Coals and coaly samples (M-1B, M-5, M-17, M-67, M-74 and M-88; plotted as triangles) are excluded for the calculation of
the correlation indices.
G. Hofer et al. / Geoscience Frontiers 4 (2013) 449e468 453
G. Hofer et al. / Geoscience Frontiers 4 (2013) 449e468454excluded because it is below detection limit. The analysis was
performed using the principle components extraction method and
varimax rotation, which is the most common orthogonal rotation
criterion (Davis, 2002).
Student’s t-tests were calculated for the variables B, B/Al*, SiO2,
Al2O3, TiO2, CaO, LOI, Sr, Zr and factor 1 (calculated by factor anal-
ysis) as well as d13C and d18O (Hofer et al., 2011, in press). The limit
of signiﬁcance is determined as <0.05.
For the calculation of the discriminant analysis parameters
(variables) such as B, B/Al*, SiO2, Al2O3, TiO2, CaO, LOI, Sr and Zr as
well as d13C and d18O are used in four different scenarios and
compared within two deﬁned groups: a “marine” group and
a “non-marine” group (variables B, B/Al*, d13C and d18O for scenario
a; B, B/Al* and d13C for scenario b; B/Al* and d13C for scenario c and
B, B/Al*, d13C, d18O, SiO2, Al2O3, TiO2, CaO, LOI, Sr and Zr for scenario
d). B, B/Al*, d13C and d18O are seen as proxies for paleosalinity
(Clayton and Degens, 1959; Hudson, 1977; Anderson and Arthur,
1983; Veizer, 1983; Talbot, 1990). SiO2, Al2O3, TiO2 and Zr are the
end members representing the terrigenous trends. CaO, LOI (here
the LOI represents carbonate minerals, largely calcite). Sr served as
end members for pelagic trends. Samples from non-marine to
marginal-marine sections (from the Glinzendorf Syncline and the
Grünbach Formation at the trench in Maiersdorf) were analyzed for
their content of calcareous nannofossils to identify marine
intersections.
4. Results
4.1. Major elements
Major element chemistry can vary due to lithology and grain
size differences quite drastically e coaly samples from the Grün-
bach Syncline are very heterogeneous (Hofer et al., 2011). SiO2,
Al2O3, Fe2O3, Na2O, K2O and TiO2 are all associated with strong
positive correlations, while CaO and LOI show negative Pearson
correlation indices with these elements (Fig. 2 and Table 1). CIA and
CPAvalues range from 57 to 83 and 80 to 98, respectively (Appendix
I). CIA and CPA have a high Pearson correlation index of r ¼ 0.891,
which means that both indices are matchable. Si/Al ratios are
generally low (mean: 2.98  1.39). K/Al and Na/Al are relatively
constant with a mean of 0.32  0.06 and 0.07  0.03, respectively
(Appendix I).Table 1
Pearson correlation indices.
N ¼ 146 SiO2 (%) Al2O3 (%) Fe2O3 (%) MgO (%)
SiO2 (%) 1 0.781 0.507 0.159
Al2O3 (%) 0.781 1 0.545 0.147
Fe2O3 (%) 0.507 0.545 1 0.108
MgO (%) 0.159 0.147 0.108 1
CaO (%) 0.927 0.898 0.677 0.100
Na2O (%) 0.554 0.474 0.378 0.169
K2O (%) 0.649 0.892 0.409 0.068
TiO2 (%) 0.868 0.939 0.512 0.171
LOI (%) 0.954 0.834 0.520 0.096
N ¼ 146 B (ppm) B/Al* Ga (ppm) V (ppm)
B (ppm) 1 0.032 0.878 0.836
B/Al* 0.032 1 0.440 0.435
Ga (ppm) 0.878 0.440 1 0.946
V (ppm) 0.836 0.435 0.946 1
Th (ppm) 0.742 0.538 0.909 0.881
U (ppm) 0.324 0.145 0.333 0.338
Rb (ppm) 0.829 0.366 0.928 0.856
Cr (ppm) 0.043 0.016 0.054 0.0434.2. Trace elements
Boron contents are ranging between 14 and 272 ppm and show
strong positive correlations to trace elements such as Ga, V, Th, U or
Rb (Fig. 3, Table 1 and Appendix I). B and B/Al* values are varying
within the Gießhübl Syncline from 45 to 132 ppm and 121 to 191,
respectively (Appendix I). While absolute B concentrations are low
(mean: 62.3  16.2 ppm) at Aderklaa 81 well, B/Al* values are
relatively high with a mean of 178  11. Aderklaa 84 shows rela-
tively high B values with a mean of 107.5  5.0 ppm and moderate
B/Al* ratios (mean: 134  14). B concentrations of the Aderklaa 92
borehole are higher (around 120 ppm) at the bottom interval
(3505e3110 m) and lower (down to 74 ppm) at the top. In contrast
to that, B/Al* ratios are relatively uniform (moderate to low with
a mean of 139  11). The lower Gießhübl Formation of Aderklaa
92 is characterized by mean boron values of 116.0  19.6 ppm
with one outlier (74 ppm) at 3329 m. The middle Gießhübl
Formation has mean boron values of 96.5  0.5 ppm at around
3009 m and lower mean values of 77.3  4.2 ppm at a section
around 2922 m. One sample from the upper Gießhübl Formation
gives 112 ppm (analogue to Aderklaa 84 with 108 ppm) (Table 2
and Appendix I). At Aderklaa 84 and 92, B/Al* ratios are low at
the lower and upper Gießhübl Formation. They show higher values
(around 140 are characteristic) in the middle Gießhübl Formation
(Table 2 and Appendix I). Outcrop samples from Groisbach also
have low boron contents (mean: 48.0  2.5 ppm) but higher B/Al*
ratios (mean: 156  22) (Appendix I). Outcrop samples from Lil-
ienfeld are characterized by relatively low B values ranging from 45
to 114 ppm. But they also have high B/Al* ratios up to 282. Boron
values at Glinzendorf vary from 14 to 145 ppm. Accordingly, B/Al*
ranges between 92 and 193. B concentrations of Markgrafneusiedl
T1 well are lower in the lower part of the sectionwith an average of
88.2  14.9 ppm and signiﬁcantly higher in the middle and upper
intervals where they reach up to 133 ppm. A notably uniform signal
of enriched boron concentration can be observed in the interval
between 3747.2 m and 3406.2 m with an average of
115.0  8.8 ppm. B/Al* ratios show similar trends ranging from 95
to 192 (Table 3 and Appendix I). B values are generally moderate in
the proﬁle of Glinzendorf T1 with only one short interval of higher
values (up to 145 ppm) between 3555 and 3480 m. They show
a larger variation and ﬂuctuation compared to results from Mark-
grafneusiedl T1. In some sections there is a range of 40 ppm andCaO (%) Na2O (%) K2O (%) TiO2 (%) LOI (%)
0.927 0.554 0.649 0.868 0.954
0.898 0.474 0.892 0.939 0.834
0.677 0.378 0.409 0.512 0.520
0.100 0.169 0.068 0.171 0.096
1 0.550 0.761 0.919 0.894
0.550 1 0.296 0.457 0.581
0.761 0.296 1 0.854 0.714
0.919 0.457 0.854 1 0.878
0.894 0.581 0.714 0.878 1
Th (ppm) U (ppm) Rb (ppm) Cr (ppm)
0.742 0.324 0.829 0.043
0.538 0.145 0.366 0.016
0.909 0.333 0.928 0.054
0.881 0.338 0.856 0.043
1 0.271 0.815 0.063
0.271 1 0.208 0.062
0.815 0.208 1 0.045
0.063 0.062 0.045 1
Figure 3. Discrimination plots of trace elements B, Ga, V, Th, Rb, Cr and TiO2. Ga, V, Th and Rb show a positive correlation with B. A general positive trend can also be observed for Cr
vs. B, but most of the samples from the Glinzendorf Syncline (samples from different Gosau synclines are separated supplementary) follow a rather negative trend. Zr and Nb
correlate strongly positive with TiO2. Pearson correlation coefﬁcients (r), squared Pearson correlation coefﬁcients (R2) and number of samples (N) are given in the graphs.
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Table 2
Means of B and B/Al* of the Gießhübl Syncline.
Gießhübl Syncline B (ppm) B/Al*
Aderklaa 81 Marine Mean 62.3 178
Stand. dev. 16.2 11
N 3 3
Aderklaa 84 Marine Mean 107.5 134
Stand. dev. 4.9 14
N 2 2
Aderklaa 92 Marine Mean 103.8 139
Stand. dev. 21.7 11
N 13 13
Lilienfeld Non-marine Mean 70.7 239
Stand. dev. 24.6 37
N 3 3
Marine Mean 81.3 197
Stand. dev. 26.0 35
N 4 4
Groisbach Marine Mean 48.0 156
Stand. dev. 2.4 22
N 5 5
Nierental Formation Mean 55.4 169
Stand. dev. 12.5 28
N 10 10
Lower Gießhübl Formation Mean 116.0 137
Stand. dev. 19.6 13
N 7 7
Middle Gießhübl Formation Mean 85.0 140
Stand. dev. 10.9 8
N 5 5
Upper Gießhübl Formation Mean 109.0 137
Stand. dev. 4.4 12
N 3 3
Gießhübl Syncline (marine
samples)
Mean 86.6 147
Stand. dev. 30.3 19
N 23 23
Table 4
Means of B and B/Al* of the Studienka (Slovakian) Gosau.
Slovakian Gosau B (ppm) B/Al*
Studienka 83 Marine Mean 76.3 140
Stand. dev. 46.5 48
N 3 3
Zavod 57 Marine Mean 41.0 238
Stand. dev.
N 1 1
Zavod 68 Marine Mean 72.0 169
Stand. dev. 18.6 57
N 13 13
Slovakian Gosau (all samples) Marine Mean 70.9 168
Stand. dev. 24.3 56
N 17 17
G. Hofer et al. / Geoscience Frontiers 4 (2013) 449e468456more within only a fewmetres while other parts are quite uniform.
The lowermost 350 m of strata are characterized by mean values of
around 90 ppm, but with some high standard deviations. After
a short maximum, concentrations decrease to average values of
132.5 to 86.6 ppm at depths between 3550 and 3245 m, whereas
the top section between 3245 and 3249.5 m has a low mean valueTable 3
Means of B and B/Al* of the Glinzendorf Syncline.
Glinzendorf Syncline B (ppm) B/Al*
Markgrafneusiedl T1 Non-marine Mean 94.2 140
Stand. dev. 20.4 10
N 5 5
Marine Mean 103.2 167
Stand. dev. 29.3 19
N 11 11
Glinzendorf T1 Non-marine Mean 100.9 115
Stand. dev. 19.7 17
N 33 33
Marine Mean 111.8 158
Stand. dev. 24.8 31
N 8 8
Gänserndorf T3 Non-marine Mean 69.8 156
Stand. dev. 11.0 7
N 4 4
Marine Mean 61.5 132
Stand. dev. 34.1 14
N 6 6
Glinzendorf Syncline
(all samples)
Non-marine Mean 97.6 120
Stand. dev. 20.5 20
N 42 42
Marine Mean 94.9 156
Stand. dev. 34.1 26
N 26 26of 86.6  11.4 ppm. In contrast to that B/Al* ratios are generally low
and ﬂuctuate around 110 with one interval of higher ratios up to
193 at the very top (Table 3 and Appendix I). B concentrations and
B/Al* ratios from the Gänserndorf T3 borehole are low to moderate
ranging from 14 to 112 ppm and 116 to 163, respectively (Table 4
and Appendix I).
B values of the Slovakian Gosau Group deposits from the Stu-
dienka 83, Závod 57 and 68 wells are generally low and are varying
from 29 to 122 ppmwith a mean of 70.9  24.3. The only enriched
boron signal (122 ppm) is present in the lowermost interval of
Studienka 83. In the top section boron values decrease to 29 ppm
(Table 4 and Appendix I). At Závod 68 mean boron values are
generally low (72.0 17.9 ppm), starting with extremely low values
of around 38 ppm in the lowermost section. Above that, the B signal
increases up to almost 100 ppm at depths around 4070 m and
decreases again to slightly lower values between 3950 and 3720 m
(Table 4 and Appendix I). The Závod 57 borehole is represented by
only one sample at around 4022 m with a boron concentration of
41 ppm. On the other hand B/Al* ratios of Slovakian proﬁles are
high (up to 286) with a mean of 168  56 (Table 4 and Appendix I).
Geochemical results from the Maiersdorf trench (Grünbach
Syncline) are given in Hofer et al. (2011).
Th/Sc ratios are relatively high and ranging from 0.41 to 1.30
(mean: 0.76  0.14). Zr/Sc ratios are relatively low with values
between 5.08 and 32.10 (mean: 9.77  4.06). V/Cr ratios are
generally low and ranging between 0.21 and 12.46. Th/U ratios are
quite variable and ﬂuctuating between 0.14 and 6.22 (mean:
3.80 1.29). La/Sc ratios are low and ranging between 1.14 and 4.70
(mean: 2.09  0.47). Ti/Zr ratios have a broad range from 13.62 to
41.62 (mean: 29.78  5.23) (Appendix I).
4.3. Organic carbon
TOC contents are generally low and below 1% (Appendix I).
Some samples from the Glinzendorf Syncline (Markgrafneusiedl T1,
Glinzendorf T1 and Gänserndorf T3) are enriched in organic carbon
up to 4.3%. Some samples from the trench (coals and coaly shales
from the Grünbach Syncline) contain even high amounts of TOC up
to 52.8% (Hofer et al., 2011). TOC/S ratios range from 0.1 to 52.3 (and
even up to 1345 in coaly sediments) with a mean of 6.6  10.4
(Appendix I).
4.4. Statistics
The calculated factors 1 and 2 of the factor analysis explain
39.9% and 10.5% of the variance. Factor 1 shows signiﬁcant positive
factor loadings (Table 5: bold numbers indicate signiﬁcant factor
loadings> 0.500) with Al2O3, TiO2, Th, Nb, V, SiO2, Sn, K2O, Zr, Rb, B,
Fe2O3, Co, Cu, Zn and Na2O and negative factor loadings with CaO,
Table 5
Factors 1 and 2 calculated at the factor analysis.
Variables Factor 1 Factor 2
Al2O3 0.968 <0.1
TiO2 0.965 <0.1
Th 0.962 <0.1
Nb 0.960 <0.1
CaO 0.957 <0.1
V 0.914 <0.1
LOI 0.914 <0.1
SiO2 0.885 <0.1
Sn 0.865 0.177
K2O 0.864 0.221
Zr 0.855 <0.1
Rb 0.853 0.150
B 0.804 0.140
TOT/C 0.716 0.138
Sr 0.705 0.156
Fe2O3 0.621 0.222
Cu 0.586 <0.1
Zn 0.584 0.247
Na2O 0.524 0.165
B/Al* 0.505 0.192
Ba 0.408 0.233
Pb 0.367 0.303
MnO 0.227 <0.1
Tl 0.224 0.196
P2O5 0.189 0.145
MgO 0.143 0.117
Ni <0.1 0.900
Cr2O3 <0.1 0.807
Co 0.605 0.690
U 0.284 0.333
Cd 0.312 0.313
Se <0.1 0.269
TOT/S <0.1 0.266
Sb 0.195 0.239
Mo <0.1 0.233
Figure 5. Discrimination plots of K2O vs. Na2O and K/Al vs. Na/Al as proxies for
smectite and illite contents. Pearson correlation coefﬁcients (r), squared Pearson
correlation coefﬁcients (R2) and number of samples (N) are given separately for the
various groups of samples. Different Gosau locations can be distinguished to some
G. Hofer et al. / Geoscience Frontiers 4 (2013) 449e468 457LOI, TOT/C, Sr and B/Al*. Factor 2 groups only Ni, Cr2O3 and Co with
large positive loading values. The screeplot demonstrates the eigen
values for all detected factors of the analysis (Fig. 4).degree.5. Discussion
5.1. Major elements
Major element chemistries are plotted against Al2O3 (Fig. 2).
Terrigenous derived oxides (e.g. SiO2 and especially TiO2) showFigure 4. Screeplot showing the eigen values of the factors calculated at the factor
analysis. The ﬁrst two factors have the highest eigen values of around 14 and 4; the
other factors have eigen values <2.2.a strong positive correlation with Al2O3, which means that quartz
content is not inﬂuenced by a special paleoenvironment favouring
growth of siliceous tests and skeletons (e.g. radiolarian or siliceous
sponges). Strong negative correlation can be only observed
between CaO and Al2O3. This demonstrates that nearly all Ca is of
marine origin and is not inﬂuenced signiﬁcantly by a detrital source
(e.g. feldspars). Therefore, the use of Na2O as a substitute for CaO* is
interpreted as valid. A strong positive correlation between CaO and
LOI (r¼ 0.599 for all samples and 0.810 excluding coaly samples M-
1B, M-5, M-17, M-67 and M-74) supports the assumption that CaO
is largely derived from carbonates (Von Eynatten, 2003). Low and
relatively constant Si/Al ratios indicate minor inﬂuence of detrital
quartz for the whole data set. Only a few samples show higher
ratios up to 11.8. K/Al and Na/Al ratios are relatively constant and do
not suggest drastic ﬂuctuations in illite and smectite contents
(Appendix I). But there is an identiﬁable variance of Na2O and K2O
contents as well as Na/Al and K/Al, respectively between the
different Gosau locations. Especially samples from the Grünbach
Syncline show different K2O/Na2O ratios (r ¼ 0.016) compared to
the other groups of samples (r range between 0.590 and 0.859;
Fig. 5). K/Al vs. Na/Al plot suggests higher illite and smectite
contents for samples from the Gießhübl and Studienka area,
medium illite and smectite concentrations from the Glinzendorf
Syncline and medium illite and low smectite contents for samples
from the Grünbach Syncline (Fig. 5). But generally, variations in
lithology or mineralogy are small except coaly samples from
G. Hofer et al. / Geoscience Frontiers 4 (2013) 449e468458Grünbach Syncline, which makes the geochemical interpretation of
the depositional environment robust.
CIA values are ranging between 57 and 83 with a general trend
of a lower degree of chemical weathering for the Studienka Gosau
and relatively high alteration indices for the Grünbach Syncline.
Samples from the Glinzendorf and Gießhübl Synclines indicate
a lower moderate to higher degree of weathering (Fig. 6). This
indicates a shorter exposure time and faster erosion and transport
in the Studienka and Gießhübl realm, and a longer exposure and
more vigorous transport of the sediments in Glinzendorf and
Grünbach.
5.2. Boron
5.2.1. Gießhübl Syncline
The pelagic section of the Nierental Formation at well Aderklaa
81 is characterized by atypically low boron concentrations (Fig. 7,
Table 2 and Appendix I). Using B/Al*, there is a drastic shift to high
(tentatively marine-) values. Comparably, this effect can be
observed for all samples from the Nierental Formation (e.g. Grois-
bach and Lilienfeld) (Fig. 7, Table 2 and Appendix I).
At Aderklaa 84 the upper Gießhübl Member is represented by
typically marine mean boron values, but relatively low B/Al* ratios
(Fig. 7, Table 2 and Appendix I).
The lower Gießhübl Formation of Aderklaa 92 is generally
characterized by typically marine boron values (>115 ppm). The
middle Gießhübl Formation has boron values slightly lower than
100 ppm. The one sample of the upper Gießhübl Formation is
analogous to Aderklaa 84, which has clear marine interpretation
(Fig. 7, Table 2 and Appendix I). Low B/Al* ratios are characteristic at
lower and upper Gießhübl Formation, and higher in the middle
Gießhübl Formation (Fig. 7, Table 2 and Appendix I).
Outcrop samples from the Nierental Formation at Groisbach and
Lilienfeld (analogous to Aderklaa 81) show extremely uniform and
abnormally low boron values in contrast to high aluminium
normalized boron ratios (Table 2 and Appendix I). Samples from
Lilienfeld, which represent non-marine strata, have slightly lower B
concentrations compared to marine samples from the same area
(Fig. 7, Table 2 and Appendix I).
While only the aluminium normalized B values represent the
paleodepositional character of the pelagic Nierental Formation,Figure 6. A-CN-K (Al2O3-CaO* þ Na2O-K2O) ternary diagram of the sample set
grouped in Glinzendorf-, Gießhübl-, Grünbach Syncline and Studienka Gosau with
associated chemical index of alteration (CIA) after Nesbitt and Young (1982). Squares
and bars symbolize the average composition of tonalite (Tl), granodiorite (Gd) and
granite (Gr) as well as kaolinite (Ka), chlorite (Chl), smectite (Sm), illite (Il), muscovite
(Mu), plagioclase (Pl) and K-feldspar (Kfs).absolute boron concentrations reﬂect the paleosalinity of the
Gießhübl Formation.
5.2.2. Glinzendorf Syncline
At Markgrafneusiedl T1 well (Figs. 1, 7 and 8 and Table 3) the
non-marine basal section is characterized by signiﬁcantly lower B
values than those from the marine middle section. The interpreted
limnic top, which is represented by one geochemistry sample
(MT1-3275.30-43) and a boron concentration of 119 ppm, does not
show a shift to lower values. The reason for that high value is most
likely a grain size effect, because this sample comprises relatively
high amount of silt compared to other samples (Figs. 7 and 8,
Table 3 and Appendix I). The general boron trend of this well is also
traced by the B/Al* ratio, beginning with lower values in the
lowermost non-marine part, higher values in the middle marine
section and shift back to lower values at the non-marine top. This
shift at the top section can only be observed by aluminium
normalized boron values (Figs. 7 and 8, Table 3 and Appendix I).
While absolute B concentrations are relatively high at the
Glinzendorf T1 well, B/Al* ratios mainly represent non-marine
character of this section with low values. A possible short marine
interval at around 3550 m is expressed by high boron (up to
145 ppm) and slightly enriched B/Al* values. The marine top can
only be represented by high normalized values e absolute B
concentrations do not show a shift to higher values. Although
a direct correlation with the Markgrafneusiedl T1 proﬁle is not
possible, a general similarity may be characteristic. Both proﬁles
have the highest boron concentrations in the middle section and
lower values at bottom and top (Figs. 7 and 8, Table 3 and
Appendix I).
The Gänserndorf T3 well is generally characterized by low boron
contents with high variations in absolute concentrations (mean:
64.8  25.2 ppm). The lower non-marine interval from 3146 to
3148 m has low boron contents similar like the marine top from
3079 to 3083.5 m that varies drastically between 14 and 112 ppm.
The same trend can be observed using B/Al*.
5.2.3. Grünbach Syncline e Maiersdorf trench
Five marine to non-marine cycles have been reconstructed from
the 45 m trench section using B, B/Al*, d13C and calcareous nan-
nofossil contents (Hofer et al., 2011). Absolute and normalized B
concentrations differ in that interval, but B/Al* are more robust to
lithological variations (Table 6).
5.2.4. Slovakian (Studienka) Gosau
In general, boron values from the marine Gosau Formations of
the Slovakianwells (Studienka 83, Závod 57 and 68) are abnormally
low. At Závod 68 boron values of <100 ppm do not represent the
marine sedimentary environment. In contrast to that, mean values
with marine interpretation of 168  54 can be observed for the
Slovakian Gosau wells by using B/Al* ratios. Except for the upper
part of the Závod 68 borehole, all samples are clearly over 150 up to
286 (Fig. 7, Table 4 and Appendix I).
Generally, boron normalized values are more robust to litho-
logical variation and reﬂect the paleosalinity of the sediments in
large parts. 71.7% of non-marine samples from all Gosau locations
have B/Al* ratios lower than 150, and 57.0% of marine samples are
greater than the postulated transition value of 150.
5.3. Boron and trace elements
Dominant positive correlations can be observed in plots of B vs.
Ga, V, Rb and Th. The B vs. Cr plot corroborates the connection of
high detrital chrome spinel contents within limnic intervals, which
are the sections associated with low boron contents from the
Figure 7. B and B/Al* are plotted for all wells (AD81 ¼ Aderklaa 81, AD84 ¼ Aderklaa 84, AD92 ¼ Aderklaa 92, GT1 ¼ Glinzendorf T1, MT1 ¼ Markgrafneusiedl T1,
GFT3 ¼ Gänserndorf T3, STU83¼ Studienka 83, Z68 ¼ Závod 68 and Z57 ¼ Závod 57). Known or suggested paleosalinities are drawn inwhite (marine), light grey (brackish) and dark
grey (non-marine).
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Markgrafneusiedl T1 and Glinzendorf T1). While there is a strong
positive correlation between boron and chromium in the rest of the
data set, lots of samples from the Glinzendorf Syncline show
signiﬁcantly different trends. Especially non-marine samples do
not follow the general trend (Fig. 3).
Another important factor when using B as paleosalinity indi-
cator is the possible inﬂuence of the boron-silicate tourmaline.
Heavy mineral analyses show that tourmaline contents are very
low in general, and are relatively constant within all investigatedlocations. Therefore, inﬂuence from detrital tourmaline on boron
ﬂuctuations within the sections can be excluded.
V/Cr ratios do not suggest periods of anoxic conditions. Except 2
coal samples (M-1B and M-17) from the Grünbach Syncline, all
samples have V/Cr less than 2 (Appendix I).
TOC/S ratios are generally higher in non-marine (with a mean of
10.2 13.9) compared to a mean of 4.3 6.4 in marine samples. The
high standard deviations are due to high TOC values from the trench.
Relatively high Th/Sc (mean: 0.76  0.14) and low Zr/Sc ratios
(maximum value of 32.1) suggest no (or at least minor) sediment
Figure 8. Proﬁles of the wells Glinzendorf T1 and Markgrafneusiedl T1 from the Glinzendorf Syncline. Interpreted marine and non-marine facies are coloured in blue and brown.
Values of B (ppm) and B/Al* are plotted in black and red. Orange lines symbolize (marine) segments where Cretaceous calcareous nannofossils were found. A schematic
interpretation-bar for the paleosalinity is given (the transition from non-marine to marine condition is marked at 100 ppm for boron and 150 for B/Al*).
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et al., 1993) (Fig. 9). This is in accordancewith a generally immature
“syntectonic” character of the Gosau Group deposition (e.g.
Wagreich and Decker, 2001).
The predominant part of the samples has characteristic Th/U
ratios of around 3e5 but some samples vary extremely from that.
Looking at the results from the trench-proﬁle in detail clear rela-
tionship between the Th/U ratio and the coal or rather TOC content
in the sediments is recognized. Sediments with high TOC have
signiﬁcantly lower Th/U ratios compared to sediments with lowTable 6
Means of B and B/Al* of the Grünbach Syncline (Maiersdorf trench).
Grünbach syncline B (ppm) B/Al*
Maiersdorf trench Non-marine Mean 147.4 213
Stand. dev. 43.5 230
N 31 31
Marine Mean 156.7 166
Stand. dev. 37.2 18
N 6 6 Figure 9. Discrimination plot of Zr/Sc vs. Th/Sc (McLennan et al., 1993) monitoring
sediment recycling processes.
Figure 10. Discrimination plots of Th vs. U and Th vs. Th/U (McLennan et al., 1993).
TOC content inﬂuences the Th/U ratio (U is enriched in samples with higher TOC).
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and MT1-4025.40-50) from the Markgrafneusiedl T1 borehole,
which plot close to coaly sediments from the trench, are also related
to a coal horizon at parts of this depth level (Fig. 10). The Th vs. Th/U
graph (McLennan et al., 1993) indicates that during weathering the
Th/U ratio increases (and exceeds the upper crustal igneous values of
3.5e4.0) distinctively for most of the samples from Glinzendorf T1,
Aderklaa 81, 84, 92, Studienka 83 and Závod 68. Samples from
Markgrafneusiedl T1 and Gänserndorf T3 plot below this limit.
Such relatively low Th/U ratios are commonly reported from active
margin sediments (McLennan et al., 1993). Coal-bearing samples
from the trench have distinct lower Th/U ratios. The high U content
in organic matter results in lower Th/U ratios. Thus it cannot be used
to differentiate different provenances (Fig. 10).
The inﬂuenceof (detrital)heavymineralsongeochemistry is tested
using binary diagrams with TiO2, which can occur in clay minerals
(illite) and heavy minerals (rutile, anatase) (Ratcliffe et al., 2004;
Pearce et al., 2005). A strong positive correlation (r¼ 0.943) between
TiO2 and Al2O3 (proxy for clay minerals) suggests illite as the primary
source of titanium. TiO2 and Zr also have high positive correlation
coefﬁcient (r¼ 0.892) indicating heavy minerals as potential sources.
Nb and TiO2, which are both associated with clay as well as heavy
minerals, show clear positive linear trend (r ¼ 0.973) (Fig. 3).
5.4. Factor analysis
Components in the rotated space (component 1 vs. component 2)
illustrate the information of coherences in element contents (Fig.11).Variables that plot close to each other have a strong correlation index
(Table 5). Component 1 contains terrigenous elements such as Al2O3,
K2O, Th, Rb, Zr that plot on the positive x-axis. Elements indicating for
marine environments (e.g. CaO, Sr, TOT/C, LOI, B/Al* as well as Cd to
some degree) plot on the negative part of the x-axis. The vertical
spread, created by component 2, additionally separates elements
associated with ultramaﬁc rocks (Cr2O3 and Ni) at the positive end of
the y-axis (Fig. 11).
Factor 1 plotted against factor 2 (Fig. 11) separates the samples
affected by continental inﬂuence (proximal samples) and pelagic
samples along the x-axis. Most of the samples from Glinzendorf T1
and the trench at Grünbach as well as some samples from the three
Aderklaa wells, Markgrafneusiedl T1, Gänserndorf T3 and Stu-
dienka 83 are plotted in the so-called “terrigenous” sector. Inter-
estingly most of the samples from the Glinzendorf and Grünbach
Syncline plot also within this sector, and are classiﬁed as non-
marine. Deep-marine (or pelagic) sediments like most of the
samples from the Gießhübl Syncline, the Slovakian wells, Mark-
grafneusiedl T1 and Gänserndorf T3 are set in the “pelagic” sector
inﬂuenced by the marine variables CaO, Sr, TOT/C, LOI and B/Al*
(but not including absolute B, which is located at the positive part of
the axis). Strongly marine inﬂuenced samples therefore shift to the
negative part of the x-axis. Marine samples from the Glinzendorf
Syncline and the Slovakian Gosau as well as some samples from the
Glinzendorf Syncline are prominent in this sector. The ophiolitic
signal could be detected for some samples from the Glinzendorf
Syncline producing a shift to positive values of factor 2. In particular
samples from Gänserndorf T3, which shows ophiolitic input from
geochemistry and heavyminerals, are affected by that shift (Fig.11).
It must be kept in mind that variations in grain sizes inﬂuence
the geochemistry and the factor analysis to a low degree (Ohta,
2004). We tried to avoid this effect by using only ﬁne-grained
sediment samples.
5.5. Student’s t-test
This test compares mean values and standard deviations and
uses postulated indicators of paleosalinity (B/Al*, d13C and d18O) to
discriminate between two end members. Results from Student’s t-
test show highly signiﬁcant separation intomarine and non-marine
values of the whole data set (Appendix II). Means of B/Al*, d13C and
d18O (Hofer et al., 2011, in press) are signiﬁcantly lower in non-
marine samples compared to marine samples. Because of the
heterogeneity of the variance, Welch’s t-test was used for
comparison of mean boron values of marine and non-marine
samples. Mean values of SiO2, Al2O3, TiO2, CaO, LOI, Sr and Zr
(except for Al2O3 homogeneity of variance is not given) differ also
signiﬁcantly in marine and non-marine samples illustrating the
terrigenous and pelagic afﬁliation of these elements. Factor 1
values, separating pelagic and terrigenous samples in the factor
analysis (Fig. 11), are also signiﬁcantly different (Appendix II). Due
to this effect, some pelagic samples have extremely low B
concentrations. Mean boron values are slightly higher in non-
marine samples in contrast to marine samples. Therefore, the use
of B concentrations to separate marine and non-marine samples is
not signiﬁcant for our data set and cannot be recommended
without using additional evidence.
T-test was also used to detect differences of major element
concentrations and ratios (normalized with respect to Al2O3)
between the different Gosau locations (Appendix III). Generally,
absolute element concentrations are discernible between most of
the different locations. Samples from the Gießhübl and Studienka
area only have similar major element contents. Al2O3 normalized
major elements like SiO2, Fe2O3 or TiO2 do not show any differences
in most of the cases. The Na2O/Al2O3 ratio (smectite content) is for
Figure 11. Factor analysis including data of all samples except coaly samples from the Maiersdorf trench (Grünbach Syncline). Statistic was calculated with varimax rotation using the
variables SiO2, Al2O3, Fe2O3, MgO, CaO, Na2O, K2O, TiO2, P2O5, MnO, Cr2O3, Ba, Co, Nb, Ni, Rb, Sn, Sr, Th, U, V, Zr, Mo, Cu, Pb, Zn, Cd, Sb, Tl, Se, B, TOT/C, TOT/S, LOI and B/Al*. Component plot
(component 1 vs. component 2, topmost graph) shows the distribution of the variables (elements/oxides) in relation to components 1 and 2. The factor plots (factor 1 vs. factor 2) give the
distribution of the samples grouped in different Gosau synclines (middle graph) and in detail for the Glinzendorf Syncline showing marine and non-marine samples and samples with
assumed ophiolitic detritus determinate by geochemistry and heavy minerals (lowermost graph).
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Figure 12. Histogram of the canonical discriminatory function of the two predetermined groups (marine and non-marine) for four calculated scenarios. Used variables for scenario
a: B, B/Al*, d13C and d18O (Isotope data see Hofer et al., 2011); scenario b: B, B/Al* and d13C; scenario c: B/Al* and d13C; scenario d: B, B/Al*, d13C, d18O, SiO2, Al2O3, TiO2, CaO, LOI, Sr and
Zr. The separation of the two groups using these variables is highly signiﬁcant (a ¼ 0.000).
G. Hofer et al. / Geoscience Frontiers 4 (2013) 449e468 463all sampled locations statistically signiﬁcantly discriminable.
Samples from the Glinzendorf Syncline, which is supposed to be an
equivalent of the Grünbach Syncline by Wessely (1992, 2006), are
statistically different compared to samples from the Grünbach
Syncline consideringmajor elements (e.g. MgO, CaO, Na2O, K2O and
TiO2) (Appendix III).
Welch’s t-test suggests also a signiﬁcant discrimination (sig-
niﬁcance ¼ 0.023) between marine and non-marine samples using
TOC/S.
5.6. Discriminant analysis
Mean values of the variables from marine and non-marine
groups are slightly different to the means calculated by the
Student’s t-test because only samples that contain all variables could
be used for this analysis. We have excluded 78 samples from the
calculation because at least one discriminatory variable is missing(Appendix IV).Wilks-lambda describes the dimension of the quality
of the discrimination into the groups. Lower Wilks-lambda values
indicate distinct separation between the groups. Discriminatory
functions of all four scenarios are with a ¼ 0.000 highly signiﬁcant,
demonstrating the relevance of the variables for the discrimination
of marine and non-marine samples (Fig. 12 and Appendix IV). Most
of these variables are additionally dominant parameters for factor
analysis (resulting in high factor loadings; Fig. 11 and Table 5).
5.7. Provenance
Discriminant function analysis using major elements (Roser and
Korsch, 1988) indicates generally a mixed provenance. Different
sample groups plot in all end-member sources (“maﬁc”, “inter-
mediate”, “felsic” and “quartzose”), and cluster mainly around the
intersections. Coal-bearing samples plot within the “maﬁc”
domain, which is simply due to the geochemistry of coals and not
Figure 13. Discrimination plot of discriminant function 1 (DF1) and 2 (DF2) showing 4
main provenance groups: P1-maﬁc, P2-intermediate, P3-felsic and P4-quartzose (Roser
and Korsch, 1988). An average basaltic (B) and rhyolitic (Rh) composition is addition-
ally plotted.
Figure 14. Discrimination plots between Ni and Cr after Garver et al. (1996) (left graph) as w
limits of 100 ppm Ni and 150 ppm Cr and that are enriched in the Cr/V ratio suggesting ophio
signals for ophiolitic input.
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observed between the various Gosau synclines and basins,
reﬂecting the complex tectonic regime (Fig. 13).
In discrimination plots of Cr vs. Ni (Garver et al., 1996) and Cr/V
vs. Y/Ni (McLennan et al., 1993), only some samples from the
Glinzendorf Syncline (Markgrafneusiedl T1, Glinzendorf T1 and
Gänserndorf T3) trend to ultramaﬁc (ophiolitic) source. This is
probably detritus from the obducted ophiolitic Tethys suture to the
south (e.g. Pober and Faupl, 1988). However, samples from other
Gosau regions do not show this trend (Fig. 14). Although the limits
of 150 ppm for Cr and 100 ppm for Ni (Garver et al., 1996) are
exceeded by lower non-marine samples (4023.5e4025.5 m) from
Markgrafneusiedl T1 and several samples from Glinzendorf T1
and Gänserndorf T3, the suggested Cr/Ni ratios of 1.3e1.5 for
clear evidence of ultramaﬁc source are not reached in most of the
cases. Only 2 samples (GT1-3249 and GT1-3361.5) have addition-
ally this suggested ratio. In the Cr/V vs. Y/Ni plot, samples from the
lower non-marine part between 4023.5 and 4025.5 m (and one
sample at 3931.2 m) as well as several samples from Glinzendorf T1
and most of the samples from Gänserndorf T3 (mainly from the
lower limnic part) trend again to ultramaﬁc (ophiolitic) detritus.
Similar to Markgrafneusiedl T1, samples from the middle section of
Glinzendorf T1 (between around 3400 and 3650 m) do not show
any indication for an ultramaﬁc source (Fig. 14). These Cr enrich-
ments within limnic intervals of the Glinzendorf Syncline correlate
with chrome spinels as the dominant mineral of the heavy mineral
assemblages (unpublished OMV in-house data). According to
Woletz (1963), Stattegger (1987), Pober and Faupl (1988) and
Wagreich and Marschalko (1995), the typical evolution of heavy
minerals of the Gosau Group begins with chrome spinel (and
zircon) dominant assemblages up to the lower Campanian, fol-
lowed by a decrease of chrome spinel and an increase of garnet.
Garnet is getting the dominant heavy mineral up to the Paleogene.
This anomaly of the Glinzendorf Synclinewith respect to chromium
(chrome spinel) can also be observed in the discrimination plot of B
vs. Cr, where lots of samples from the Glinzendorf Syncline do not
follow the general trend line of the data set (positive correlation).
Some of them rather follow a negative trend (Fig. 3).
A mean Th/Sc ratio of 0.76 0.14, which is a sensitive parameter
of average provenance compositions (Taylor and McLennan, 1985;
Lee, 2009), indicates a generally intermediate to higher silicic
provenance (Fig. 9).ell as Y/Ni and Cr/V after McLennan et al. (1993) (right graph). Samples that exceed the
litic input. Only samples from the Glinzendorf Syncline have characteristic geochemical
Figure 15. Discrimination plots La-Th-Sc and Th-Sc-Zr/10 for tectonic settings (Bhatia and Crook, 1986). The tectonic regimes active and passive continental margins and continental
and oceanic island arcs are distinct. Average upper continental crust (UCC) and bulk continental crust (BCC) are additionally plotted.
G. Hofer et al. / Geoscience Frontiers 4 (2013) 449e468 465The discrimination plots La-Th-Sc and Th-Sc-Zr/10 (Bhatia and
Crook, 1986) draw a similar picture: The samples plot close to the
average composition of the upper continental crust (UCC) andmore
or less within the sector of continental island arcs (Fig. 15).
However, the tectonic regime of the NCA after the Eoalpine
orogenic event is clearly an active continental margin (Wagreich
and Faupl, 1994; Wagreich et al., 2011). A reason for this incorrect
tectonic classiﬁcation could be the inﬂuence of ophiolitic detritus
within the samples. This admixture of an ultramaﬁc/maﬁc source
could lead to higher Sc concentrations (Taylor andMcLennan,1985;
Lee, 2009). Bock et al. (2000) and Kutterolf et al. (2008) also re-
ported using bulk rock geochemistry is problematic for discrimi-
nation between active continental margins and island arc
provenances. Similar to that, most of the samples cluster around
the sector of continental island arcs at the La/Sc vs. Ti/Zr plot after
Bhatia and Crook (1986). However, some samples plot in or around
the regime of active continental margins (Fig. 16).5.8. Summary for geochemical indices and discrimination diagrams
Based on the large data set and the complex andmixed nature of
the Gosau Group sediments in an “orogenic”, active margin settingFigure 16. Discrimination plot La/Sc vs. Ti/Zr for tectonic settings (Bhatia and Crook,
1986). The tectonic regimes active and passive continental margins and continental
and oceanic island arcs are distinct.we can evaluate some commonly used geochemical indices for
paleoenvironmental and provenance interpretations. The usability
of some tested proxies is summarized in Table 7.
The use of B as a paleosalinity indicator is only sensible if
normalized with Al. This B/Al* index is a useful proxy to determine
paleosalinity of sediments and seems to work in different envi-
ronmental settings and basins. Only a comparison between sedi-
ments with drastically diverse amount of organic matter is
problematic (Hofer et al., 2011). Stable carbon and oxygen isotopes
show excellent coherence with B/Al*, and provide a robust and
statistically signiﬁcant discrimination between marine and non-
marine samples (Hofer et al., 2011, in press) even under condi-
tions of possible older carbonate reworking as evident for the
Gosau basins within the Northern Calcareous Alps (e.g. Wagreich
and Decker, 2001). The discrimination plot between d13C and
d18O generally separates marine (pelagic) samples of the Gießhübl
Syncline and Slovakian wells (plotting in the “marine” sector) from
non- to marginal-marine samples of the Grünbach and Glinzendorf
Syncline (plotting in the “limnic” sector) (Fig. 17). Carbon isotope
and B/Al* ratios are in good accordance with the interpreted facies,
even though the correlation index between B/Al* and d13C is low
(Fig. 17). Total boron concentrations seem to deviate stronger,
especially within pelagic intervals. This is also expressed by the
discrimination plot of B vs. B/Al* indicating no correlation
(r ¼ 0.036) (Fig. 17).
According to our data, we do not recommend the TOC/S ratio as
a reliable paleosalinity proxy, although statistically proven, because
of low difference of means in marine and non-marine samples. But
the higher average non-marine values are mainly derived from
a few samples that are rich in organic matter. In general, low TOCTable 7
Usability of tested geochemical proxies.
Proxy Useful Not useful Purpose
B  Paleosalinity
B/Al*  Paleosalinity
TOC/S  Paleosalinity
Cr/Ni  Ultramaﬁc detritus
(Cr/V)/(Y/Ni)  Ultramaﬁc detritus
(Th/Sc)/(Zr/Sc)  Sediment recycling
Th-Sc-Zr/10  Tectonic setting
La-Th-Sc  Tectonic setting
(La/Sc)/(Ti/Zr)  Tectonic setting
Figure 17. (a) Discrimination plots of B/Al* vs. d13C (Isotope data see Hofer et al., 2011, in press) grouped in different Gosau synclines/basins. For approximate orientation a “marine”
sector (B/Al* > 150 and d13C > 2) and a “limnic” sector (B/Al* < 150 and d13C < 2) are given. (b) Discrimination plots of B/Al* vs. d13C grouped in marine and non-marine samples.
(c) Discrimination plots of d18O vs. d13C (Isotope data see Hofer et al., 2011, in press) grouped in different Gosau synclines/basins. For approximate orientation a “marine” sector
(d13C > 2) and a “limnic” sector (d13C < 2) are given. (d) Discrimination plots of B vs. B/Al* grouped in different Gosau synclines/basins. Pearson correlation coefﬁcients (r),
squared Pearson correlation coefﬁcients (R2) and number of samples (N) are given in the graphs.
G. Hofer et al. / Geoscience Frontiers 4 (2013) 449e468466contents of our sediments seem to blur results obtained by this
method.
CIA and CPA indices can only give an overall picture of alteration,
weathering or climate conditions. Signiﬁcant ﬂuctuations or
climate-controlled cyclicity within single proﬁles or successions of
formations are not given, although signiﬁcant climate changes from
upper Cretaceous to Paleogene formations are suspect. CIA and CPA
indices seem to be robust and persistent throughout the sections
and from one basin to the other.
The detection of ophiolitic detritus using Cr and Ni ratios
(McLennan et al., 1993; Garver et al., 1996) is sensitive, and is also
screened by factor analysis. This signal clearly applies to the Gosau
basins and can be used to correlate or discriminate sections. In
contrast, general provenance discrimination plots using major and
trace elements achieved inaccurate and complex results and can be
hardly interpreted. Trace element discrimination plots (Bhatia and
Crook, 1986) classiﬁed mainly false (paleo)tectonic settings, prob-
ably due to the mixed provenance within an evolving orogen that
shares sources of continental crust, accretionary wedges and
terranes, and some ophiolites (e.g. Stattegger, 1987; Pober and
Faupl, 1988).
The statistical factor analysis turned out to be an excellent tool
to deal with large multivariate data sets and to get a good overview
of the characteristics of data, especially in respect to correlations of
basins. With that, paleoenvironmental as well as provenance
questions were accurately determined.6. Conclusions
This study shows by detailed geochemical analysis and statis-
tical data treatment that ﬁne-grained sediments may be separated
into proximal and distal depositional areas within the Gosau Group
in the Eastern Alps and its succession into the Carpathians.
Geochemical investigation indicates that Gosau sediments of
Grünbach, Glinzendorf and Gießhübl have a more proximal signal
during the early stages (Coniacian and Santonian) of sediment
deposition and tend to get more pelagic from the Campanian
onward. In contrast, Carpathian sediments of the Studienka
development plot in the pelagic marine sector. In summary,
a combination of geochemical parameters can be used to distin-
guish limnic, marginal-marine, and pelagic ﬁne-clastic sediment
intervals within upper Cretaceous to Paleogene samples from
outcrops and drill cores. Aluminium normalized boron and stable
carbon and oxygen ratios are signiﬁcantly different in marine and
non-marine samples. In this data set absolute boron concentrations
are not robust because they rather reﬂect lithological variations. In
this way B/Al* may be used as indicator for paleosalinity. The
combination of B/Al*, d13C and d18O are reliable geochemical
proxies to determine the paleosalinity and paleodepositional
conditions in sediments with low or nonexistent fossil abundances
and uncertain paleoenvironment. However, only an overall
assessment of major, minor, and trace element geochemistry
provides reliable results.
G. Hofer et al. / Geoscience Frontiers 4 (2013) 449e468 467Using factor analysis, pelagic inﬂuenced samples (i.e. deposits
from the distal continental margin such as the Gießhübl Syncline
and Slovakian equivalents) can be separated frommarginal-marine
to non-marine samples (Grünbach and Glinzendorf Syncline)
owing to the content of terrigenous-indicative elements. On the
other hand, a discrimination of samples with a supposed ophiolitic
detritus related to elements associated with ultramaﬁc genesis (Cr,
Ni) can be observed only for several samples of the Glinzendorf
Syncline. In this way huge and complex multivariate data sets with
multidimensional variables can be reduced and displayed easily.
We suggest a preliminary application of data reduction in an initial
stage of a research and an advanced selection of input variable in
a ﬁnal stage, when there is more knowledge on the data set. In this
way some redundant variables can be excluded.
Geochemical provenance analysis indicates generally a mixed
provenance of Gosau Group sediments within a continental island
arc with an exceptional position of parts of the Glinzendorf
Syncline that identify an ultramaﬁc/ophiolitic source.Acknowledgements
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